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ABSTRACT: The aim of this study is to provide an effective and quick reference guide based on the most useful European formulae recently
published for subadult age estimation. All of these formulae derive from studies on postnatal growth of the scapula, innominate, femur, and tibia,
based on modern skeletal data (173 ♂, 173 ♀) from five documented collections from Spain, Portugal and Britain. The formulae were calculated
from Inverse Regression. For this reason, these formulae are especially useful for modern samples from Western Europe and in particular on 20th
century human remains from the Iberian Peninsula. Eleven formulae were selected as the most useful because they can be applied to individuals
from within a wide age range and in individuals of unknown sex. Due to their high reliability and because they derive from documented European
skeletal samples, we recommend these formulae be used on individuals of Caucasoid ancestry from Western Europe.
KEYWORDS: forensic science, forensic anthropology, subadult age-at-death estimation, postnatal growth, maturation, formulae
Methods of age-at-death estimation in infant and juvenile
remains rely on the degree of skeletal and dental development.
Based on the biological (skeletal) age of the individual at the
time of death, these methods provide a specific age range
derived from the degree of skeletal maturation and growth.
To obtain an age at death, it is essential to understand the nor-
mal pattern of growth and maturation of every skeletal element
and to develop their respective growth models. These growth
models must be devised from studies on documented skeletal
collections where there is information on age, sex, ancestry,
cause of death, and any pathological condition during life (1).
Even better if the demographic, socio-economic, and temporal
context in which the individuals lived is also known (2).
However, despite the importance of these types of studies,
there is still a gap in the number of studies on growth and devel-
opment based on measurements directly taken on human skeletal
remains. Some of the available standards today comprise studies
on radiological data from White Americans (3–9) or studies
based on archaeological material (10–13). The absence of stan-
dards directly derived from skeletal remains mainly lies in the
lack of subadult skeletal material with known biological profile
such as age at death (14). Thus, in recent years, and to solve this
problem, some authors (15–24) after a number of analyses have
considered as a homogeneous group the few osteological collec-
tions, which exist in Western Europe with the objective of devel-
oping growth models to provide more population-specific age
and sex estimation methods. Many of these studies have been
carried out on the sacrum (25), femur (20,23), tibia (24), scapula
(26,27), and innominate (16–19,21,22,28). These studies are
important for a number of reasons. First, they are the first stud-
ies on postnatal growth (from birth to adult age) based on docu-
mented and contextualised modern skeletal remains (samples
from the late 19th century to the end of 20th century) from
Western Europe (U.K., Spain and Portugal); and second, they
are appropriate and reliable when analyzing modern European
Caucasoid skeletal remains from this geographical area. In addi-
tion, these formulae can be applied to skeletal material of
unknown sex, providing a low degree of error (see Fig. 1).
These studies, however, are not well known. This may be
partly due to their separate publication in different journals; and
partly due to the fact that many of these publications do not pro-
vide comprehensible information for the field or laboratory
anthropologist who needs a quick reference guide with the
formulae. Many of these published works provide invaluable
information on the growth of each skeletal element, its mathe-
matical expression and formulae for subadult age estimation, but
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do not focus on making it particularly applicable (“user
friendly”) to field anthropologists. Therefore, the main objective
of this study is to collate the models primarily based on the
work of the first author (CR) and colleagues and to provide in a
clear manner the formulae that are most useful for age at death
and clear instructions on how to use these. It is hoped that this
will result in providing a quick reference guide for application in
the field and in the laboratory.
Models and Bibliographical Review
A number of models have been selected that are based on
European populations (Portugal, Spain and Britain) and provide
accurate results from a number of skeletal elements. These mod-
els used a sample constituted by five skeletal collections of doc-
umented biological identity:
• Esqueletos Identificados curated at the Museu Antropologico
at Coimbra University in Coimbra (Portugal). This collection
consists of 505 adult and subadult individuals from the local
cemetery of Conchada. All the individuals were born between
the late 19th and late 20th centuries (29).
• Lisbon collection curated at the Museu Bocage in Lisbon
(Portugal). This collection comprises adults and subadults
skeletons from three local cemeteries of Alto de S. Joaõ,
Prazeres, and Benfica. It consists of 1400 individuals, who
were born between the late 19th and late 20th centuries (30).
• Universitat Autònoma de Barcelona (UAB) collection, housed
at the Unit of Biological Anthropology of the UAB (Spain).
This series arose from the accumulation of 36 adult individu-
als from the cemetery of Granollers (Spain) who were born
in the 20th century (2).
• St. Bride’s collection held at the crypt of St Bride’s church in
London (U.K.). This collection consists of 227 adults and
sub-adults born between the late 18th and late 19th centuries,
originating from the church cemetery (31).
• Scheuer collection, housed at the Centre of Anatomy and
Forensic Anthropology of the University of Dundee (Scot-
land). There are over 100 subadult individuals whom derive
from archaeological, forensic, and anatomical collections,
many of which are documented (15,32).
All the individuals analyzed for the publications from which the
formulae derive have documented biological identity, and records
of birth and death are available. They were born mainly in the 20th
century, although there are a small number of skeletons which date
to the late 19th century. Details regarding age and sex are provided
in Table 1.
FIG. 1–– 4Unisex functions for the estimation of age-at-death in sub-adult skeletons. The age limit for its application ranges from 1 year old to the age
indicated in the figure. Codes: Scapula: 1- scapular length, 2- scapular spine length, 3- scapular width, 4- supra-scapular height, 5- acromial width. Innomi-
nate: 1- ischium length, 2- ilium width, 3- ilium length. Sch, Scheuer collection; SBr, St Bride collection; Co, Coimbra collection; Lis, Lisboa collection. Aver-
age error means the average absolute error (|estimated age—chronological age|/n) found when the formula is applied in the analysed skeletal collections. R2
mean correlation coefficient.
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Due to the chronology of these individuals, their provenance in
Western Europe, their Caucasoid ancestry, the similarity in their
pattern of growth (young individuals), and the absence of any
significant differences between the series in adult individuals
according each sex and metrical variable, these collections were
considered as a single series. As stated earlier, the growth models
created from these collections are primarily the work of the first
author (CR) and colleagues on metric analysis of the tibia, femur,
scapula, ilium, ischium and pubis (16–18,20–24,26–28) from indi-
viduals aged between 0 and 20 years. Eleven functions for suba-
dult age estimation derived from these cited works have been
selected based on their ease of application, the reliability of the
results, as well as their use in most of the subadult cases where sex
is unknown. Therefore, the variables that we consider of most use
are those expressed by simple equations that can be applied to
individuals of unknown sex and from a wide subadult age range.
Recommended Formulae for Sub-adult Age Estimation
In Fig. 1 are included the 11 formulae for subadult age esti-
mation selected from these studies by considering an application
for an individual of unknown sex. We omit the functions that
need to be applied to sexes separately because the aim of this
study is to provide the scientist with the most useful, and at the
time most reliable, formulae for subadult age-at-death estimation.
We strongly recommend these formulae in particular when
analyzing human remains from forensic cases in Western
Europe, and especially those from the Iberian Peninsula and dating
to the 20th century. They are especially useful when the skeleton
is incomplete, and after the age of 12 years of age when denti-
tion is less reliable. However, it is important to have the maxi-
mum biological information about the individual in question, for
this reason, it is essential to ensure the use of as many indicators
of age as possible. The measurements represented in Fig. 1 and
described below can then be applied to the formulae in Fig. 1.
Measurements
Measurements of the femur (20)
• Diaphyseal length: maximum distance between the distal and
proximal ends (metaphyseal) of the femoral shaft, excluding
any epiphyses (33). If either the distal or proximal epiphyses
have fused, the measurement is not valid.
• Vertical head diameter: measurement of the periphery of the
articular surface of the femoral head, perpendicular to the
antero–posterior diameter (34,35).
Measurements of the scapula (26)
• Scapular length: maximum distance between the superior and
inferior angles of the scapula (33,36).
• Scapular width: distance between the posterior border of the
glenoid rim and the medial end of the scapular spine (33,36).
• Suprascapular height: distance between the point at which
the axis of the scapular spine intersects the medial border of
the scapula to the superior angle (36,37).
• Acromial breadth: maximum width between the anterior and
posterior borders of the acromion process, perpendicular to
the axis of the scapular spine (26)
• Length of the scapular spine: maximum distance between the
medial end of the spine and the tip of the acromion process
(33,38).
Measurements of the innominate (17,18,20–22)
• Ischium length: maximum distance from the anatomical ace-
tabular point to the ischiatic tuberosity (39). The anatomical
acetabular point (17) corresponds to the anatomical point at
which the three elements of the innominate (ilium, ischium,
pubis) unite. In fused acetabula, the acetabular fossa has an
irregular clover-leaf shape, and the anatomical acetabular
point corresponds always to the indentation between the
superior and the anterior lobes of the acetabular fossa (17).
• Ilium length: maximum distance between the anatomical ace-
tabular point (17) and the most distant point of the iliac crest
(crestal point). It is the maximum chord length (40). In
unfused or immature innominates, the crestal point corre-
sponds to the highest point of the iliac crest (Fazekas and
Kósa’s (33) ilium breadth); and in individuals with adult mor-
phology, the point is located according to the method pro-
posed by Genovés (39).
• Ilium width: distance between the antero–superior and poste-
ro–superior iliac spine (40). To locate these, the method to be
employed in unfused or immature innominates is that by
Fazekas and Kosa’s (33) ilium length. In individuals with an
adult morphology, the method to follow is that proposed by
Genovés (39).
Measurements of the tibia (24)
• Diaphyseal length of the tibia: Maximum distance between
the proximal and distal ends (metaphyses) of the tibia shaft,
excluding any epiphysis. This measurement is of no value if
the distal epiphysis has begun to unite (33).
Applying the Formulae
The growth behavior of biological variables can be described
by an incremental continuous function. In general terms, growth
may be described as a low order polynomial (41,42). For this
reason, and as one of the first steps in these published studies,
the growth of the variables was analyzed using polynomial
regression up to the fifth degree, treating age as continuous.
Only individuals still growing were used. Following that, and to
TABLE 1––Distribution of specimens by sex, age and population.
Age
Sb Co Lb UAB Sch Total
m f m f m f m f m f m f
0–4 3 1 11 5 4 3 18 9
5–9 5 2 4 4 4 1 2 12 10
10–14 1 1 2 11 2 4 4 5 20
15–19 1 2 11 13 6 6 2 3 20 24
20–25 5 4 11 8 5 12 21 24
26–30 2 3 6 4 5 56 13 13
31–35 2 3 3 1 5 6 2 12 10
36–45 5 7 9 6 9 6 1 24 19
46–55 3 5 5 5 9 7 3 20 17
56–65 11 4 5 1 16 5
66–75 3 5 3 4 6 9
76–97 1 3 5 10 6 13
42 38 49 52 56 56 19 15 7 12 173 173
Males are indicated by “m” and females are indicated by “f”.
Sb, St. Bride’s collection, London; Co, collection of Esqueletos Identificados
of Coimbra; Lb, Lisbon collection; UAB, collection of the Universitat Autònoma
deBarcelona; Sch, collection of Scheuer of theUniversity ofDundee.
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enable predictions of age at death, Inverse Regression analysis
for age and each metrical variable of the bone was calculated
using age as dependent variable. That is to say, each metrical
variable of the bone (x) was regressed on age (y). Inverse
Regression was selected because it is the method of choice when
there is some a priori reason for presuming that the case in
question comes from the same distribution as represented within
the reference sample (43), and this presumption is generally war-
ranted in forensic settings (43) and in some paleoanthropological
cases when there is some theoretical reason for a strong prior
(43). There is, of course, some biological differentiation among
Western European populations. However, this differentiation
does not seem to greatly affect the variability observed during
the growth of the skeletal elements that have been analyzed and
are considered here. Their biological proximity is indicated by
the similarity in their pattern of growth (24), and the low stan-
dard deviations (24) observed in the variables of these published
studies. French and Portuguese populations are biologically simi-
lar to the Spanish, because of their shared biological population
history and geographical proximity (2,44). Furthermore, Rissech
(16), in her study based on several documented skeletal collec-
tions from various Western European countries (Spain, Portugal
and Britain), found that they could be considered as a single ser-
ies due to the observed homogeneity. The algebraic simplicity of
the functions obtained makes the application of the formulae for
age estimation easy. However, as we stated earlier, their use is
not risk-free since the accuracy of an estimated age is affected
by the biological distance between the reference sample and the
test sample. For this reason, the formulae proposed in these stud-
ies are, mainly, useful for modern Western European samples
and particularly from the Iberian Peninsula.
Applying the formulae to estimate age at death
For the estimation of age at death, it is necessary to substitute
the value or measurement in millimeters and apply it to the rele-
vant calculation. The result is obtained in years (Fig. 2).
For example (Fig. 2), we obtain a diaphyseal length of the
tibia of 203 mm in one individual. This measurement is applied
to the formula for the diaphyseal length of the tibia
(Age = 0.066 9 diaphyseal length of the tibia  5.656), and the
value of 203 mm is introduced (Age = 0.066 9 203  5.656).
The calculation produces an age in years (Age = 7.742 years). If
necessary, it is possible to add to this result the 95% confidence
interval, which is given graphically or numerically by the studies
in question. For example, in the study of the tibia, the confi-
dence interval is given numerically (standard error), which is of
1.656 years in the case of the diaphyseal length. That means that
the age confidence interval for the analyzed individual is
7.742 ± 1.656 years.
The chronological age of this tested individual is 7 years, and
the error obtained during the estimation was an overestimation of
0,742 years (Error = Estimated skeletal age—Chronological age).
Discussion and Conclusion
This work has taken the growth models, which have derived
from five Western European populations. The most useful func-
tions have been selected and provided for the estimation of age
at death in subadult individuals, followed by instructions on how
to apply them. The aim of the work was to provide practitioners
with a quick reference guide for its application in the field or
laboratory.
As illustrated in Fig. 1, the formulae provided in this study
have a low degree of error, and they are important for subadult
age-at-death estimation both in archaeological and forensic con-
texts. Their importance is especially significant when it is taken
into account that they are the only ones derived directly from
documented subadult skeletal material from Western Europe,
which are applicable to a wider rather than a narrower subadult
age range without the need to know the sex of the individual.
These formulae are useful in subadult age estimation in foren-
sic cases due to their representativeness of a modern population
with regard to the growth parameters as the growth spurt, the
timing of maturation and the cessation of growth of the variables
of these published studies as is possible see in López-Costas
et al. (24). These growth parameters indicate no delayed growth
in the present series by comparing them to modern growth mod-
els. This conclusion is corroborated by the homogeneity
observed in the maximum length of the adult femur (20)
between these analyzed series, and the Spanish documented, and
contextualised modern skeletal collection of the UAB. The UAB
collection is made up exclusively of modern individuals from
the industrial town of Granollers, which is an industrial, com-
mercial, and trade city, situated 25 km northeast of Barcelona
(2), and the femur is one of the bones that best correlates with
stature (45), indicating the similarity in stature between the mod-
ern Spanish series and the series of these studies. In general, it
can be said that the analyzed series do not show evidence of
secular change, malnutrition, or delays in growth or osseous
maturation and correspond to a modern Western European
sample, specifically from the Iberian Peninsula.
The existence of formulae for individuals of specific regions
is necessary and important. However, most of the current stan-
dards are based primarily from North American (U.S.A.) skeletal
assemblages and the magnitude of the error in its application to
European populations is unknown. For example, the method for
calculating adult stature based on U.S.A. reference samples fails
in the estimation of living height in Spain and Italy (45–47). For
example, in Spain and Italy, the use of the formulae proposed
by Pearson (48) at the end of 19th century, based on a French
sample, performs better (45–47) than the Trotter and Gleser for-
mulae for Whites, because of the intertwined biological popula-
tion history of French, Spanish, and Italian populations (45–47),
and because they are populations of medium stature (45,46). In
FIG. 2––Illustration with an example on how to apply the formulae on
sub-adult skeletal remains in order to obtain an estimation of age-at-death.
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contrast, the equations of Trotter and Gleser for Whites system-
atically overestimate stature in both female and male skeletons
of Spanish and Italian origin (46,47). In subadults age estima-
tion, for example, according to the data given by Gindhart (7)
and Hoffman (8) studies based on a White American sample of
North Western European descent, a tibial diaphyseal length of
203 mm, as such of the present study, is situated in the lower
limit of the expected normal variation range of growth (200–
260 mm) given by these authors for individuals of 7 years of
age. For this reason, the estimated age (which is an average age
of the normal range interval) for this individual is 4.5 years. To
assume that all populations grow like those from the U.S.A.
would not be exactly correct. It is known that the U.S.A. popula-
tion is higher than most European populations (49–51), although
it is also true that in recent years stature has increased in Euro-
pean due to improvements in living conditions, some differences
still exist (52). In this way, the data presented in this study is
very appropriate for Western European populations and espe-
cially for forensic cases from the Iberian Peninsula.
In fact, there is a need to abandon the notion of the “univer-
sality” of osteological methodology and rather, promote the stan-
dardisation of methods (53). Methodology should not be applied
to skeletal material without regard for the secular and regional
origin of the reference collection(s) used in the creation of the
method. The formulae presented here based on data from a num-
ber of published studies is of great importance for physical
anthropologists analyzing human remains from Western Europe,
specifically from the Iberian Peninsula and the Western Mediter-
ranean. We therefore strongly recommend their use in forensic
cases and in some bioarchaeological cases when there was some
reason for presuming a strong prior of similitude between the
case and the sample in which the model was based.
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